MONOCYTES, MACROPHAGES, and dendritic cells (DCs) play critical roles in regulating the response to infection by populating peripheral tissues and by acting as sensors and effectors of local tissue injury. Monocytes normally migrate into tissues at a rate that is higher than that required to replenish resident tissue macrophages (22, 43) . In response to inflammatory stimuli, monocytes have two possible fates. They may either undergo differentiation to form DCs or they may become macrophages (43) . DCs respond to bacterial infection by coupling innate and adaptive immune responses. Monocytes that do not commit to DC formation become macrophages (5) .
Macrophages are versatile cells that play a key role in the development of inflammation and the regulation of immune responses. They are a heterogenous group of cells whose activation state is affected by their environment. Two principal phenotypes have been described, including the classically activated state M1 induced by type I cytokines (e.g., TNF) or bacterial products (e.g., LPS) and an alternative anti-inflammatory phenotype M2 induced by IL-4, IL-10, or glucocorticoid hormones (28, 31) . Classically activated macrophages respond to type 1 inflammatory cytokines and bacterial products such as LPS. These molecules interact with receptors on macrophage cell surfaces and initiate a signaling cascade that leads to the transcription of inflammatory genes. Sustained activation of these responses may lead to different disease states depending on the site of action. In contrast, M2 macrophages are immunomodulatory and anti-inflammatory. They respond to a different panel of cytokines and are characterized by a phenotype that is distinct from the M1 type (28) . Macrophage classes can switch from one state to another, thus ensuring that inflammatory responses, tissue injury, and wound healing are tightly regulated (42) .
Macrophages can phagocytose atherogenic apolipoprotein (apo)B-containing lipoproteins to form foam cells, stimulate the production of inflammatory cytokines, and recruit other cell types in the development of complex atherosclerotic lesions (26) . Their involvement in innate immune responses is crucial to host defense. These phenomena are initiated and sustained by different cell surface receptors and ligands.
HDL and its major protein component, apoA-I, exert prominent anti-inflammatory and antiatherogenic effects that contribute to cardiovascular risk reduction in humans (11) . HDL has been shown to inhibit foam cell formation and prevent aortic lesions (26) . A recent study (19) has shown that apoA-I plays an important role in innate immunity by modulating the properties of monocyte-derived macrophages (MDMs). Thus raising serum HDL represents an important therapeutic goal. However, obtaining sufficient quantities of the lipoprotein is impractical. Other approaches to raise HDL, including apolipoprotein-based therapies, are currently under development. ApoA-I mimetic peptides, previously designed in our laboratories, represent an emerging area of HDL therapy (2, 9) . The ApoA-I mimetic 4F, whose structure is based on the helical repeating domains of apoA-I (9), dramatically inhibits atherosclerotic lesion formation in dyslipidemic mice and rabbits (33, 49) . 4F mediates this response, in part, by enhancing the turnover of macrophages in the blood vessel wall (34) . A similar effect of 4F on macrophage trafficking has been demonstrated in the vessel wall of influenza A-infected mice (50) .
Sepsis-induced inflammatory injury is also associated with a reduction in plasma apoA-I/HDL levels (13). Clinical and basic research studies (21, 39, 53) show that increasing circulating HDL reduces complications associated with endotoxemia. Analogous to apoA-I, 4F inhibits inflammatory responses to LPS both in vitro and in vivo (17, 39) . It has been proposed that 4F reduces the cytotoxic effects of endotoxin by directly binding to the lipid A component of LPS, thus preventing its interaction with Toll-like receptor-4 (TLR-4) on target cell surfaces (17) . In the current study, we demonstrate that 4F, like apoA-I, alters macrophage function, possibly due to the induction of an anti-inflammatory type of macrophage.
MATERIALS AND METHODS
Cell culture reagents and antibodies. Cell culture medium RPMI 1640 was obtained from American Tissue Culture Collection (ATCC). All other cell culture materials were obtained from Cellgro. LPS and FCS were purchased from Sigma Chemical. Ficoll (Fico/Lite LymphoH) was obtained from Atlanta Biologicals. Conjugated antibodies were obtained from BD Biochemicals. THP-1 monocytes were obtained from ATCC and maintained in RPMI medium supplemented with 10% FCS.
Peptide synthesis. The apoA-I mimetic 4F, an 18-residue class A amphipathic helical peptide with the sequence Ac-DWFKAFYDK-VAEKFKEAF-NH 2, and a control peptide, Sc-4F with the same amino acids but different sequence Ac-DWFAKDYFKKAFVEEFAK-NH2, were synthesized by the solid phase peptide synthesis method (9) . Peptide purity was assessed by mass spectral analysis and analytical HPLC. Peptide concentration was determined using ε 280 ϭ 7,300 M Ϫ1 /cm Ϫ1 . The peptide was endotoxin free as determined by the Limulus assay.
Purification of apoA-I. As a control for 4F, human apoA-I was purified from plasma obtained from American Red Cross donors as previously described (1) . Briefly, HDL was isolated from plasma by density gradient centrifugation (7) . After delipidation and lyophilization of HDL, apoA-I was purified by preparative HPLC on a reversephase column. The purity was checked by mass spectral analysis and SDS electrophoresis. ApoA-I concentration was determined using ε 280 ϭ 31,500 M Ϫ1 /cm Ϫ1 . ApoA-I was endotoxin free as determined by the Limulus assay.
Monocyte cell culture. Human peripheral blood mononuclear cells were isolated from the blood of normal volunteers (recruited with the approval of the Institutional Review Board of the University of Alabama at Birmingham) by Ficoll gradient according to standard procedures (46) . Adherent MDMs were washed with fresh medium and incubated with medium alone or medium containing apoA-I or 4F. Medium (with and without 4F/apoA-I) was replenished on day 3. Different concentrations of apoA-I or 4F (up to 50 g/10 6 cells) and exposure periods (up to 7 days) were included in the experimental protocol. The maximum effects on monocyte differentiation were observed at 50 g/10 6 cells after 7 days. Therefore, further studies were carried out under these conditions. THP-1 monocytes were obtained from ATCC and were grown in RPMI media (ATCC) containing 10% FBS and antibiotics. They were differentiated into macrophages by the addition of PMA.
Flow cytometric analysis. MDMs (2 ϫ 10 5 cells) were incubated with optimal concentrations of antibodies to macrophage surface markers (HLA-DR, CD86, CD11b, CD11c, CD14, TLR-4, and CD49d) or control PE-, FITC-, or APC-labeled irrelevant antibodies of the same isotype for 20 min at 4°C using our standard protocols (46) . After being stained, the cells were washed with 2 ml PBS, fixed with 1% paraformaldehyde, and analyzed by flow cytometry. FACS data were analyzed using FlowJo software (Tree Star, Ashland, OR).
Gene expression measurements. Monocytes were isolated from three independent normal blood donor buffy coats (Research Blood Components) by Ficoll gradient and adherence. They were treated with 1) vehicle; 2) 4F; 3) apoA-I; and 4) MCSF ϩ LPS ϩ IFN␥, which induces an M1 phenotype; or 5) MCSF ϩ IL-4, which induces an M2 phenotype, and they were maintained in RPMI supplemented with 10% FBS for 7 days. RNA isolation and real-time PCR for CCR7, IL2RA, CXCL11, and CCL19 (upregulated in M1 type) and for CTSC, TLR-5, MRC1, and FABP4 (downregulated in M1 type; Ref. 29) were carried out to characterize the MDM phenotype obtained by treatment with 4F or apoA-I. The expression levels of three genes important for cholesterol efflux, ABCAI, ABCG1, and PPAR, were also monitored by real-time PCR using an established protocol (45) .
LPS (1 g/ml) was added to MDMs that were pretreated (7 days) with vehicle, 4F (50 g/10 6 cells), apoA-I (50 g/10 6 cells), or 4F plus apoA-I (50 g/10 6 cells each), and mRNA levels for MCP-1 (CCL2), MIP-1 (CCL3), regulated on activation normal T-expressed and presumably secreted (RANTES; CCL5), IL-6, IL-10, and TNF-␣ were measured by real-time PCR (45) .
Phagocytosis assay. Phagocytic activity of day 7 MDMs was determined as described previously (47) . Briefly, FITC-labeled latex microspheres (Polysciences, Warrington, PA) were added to cells (2 ϫ 10 6 /ml) in DMEM without serum at a ratio of 10 microspheres/ cell and incubated for 30 min at 37°C in a 5% CO 2 incubator. Control phagocytic activity was determined by treating cells with FITC-latex beads at 4°C. After being washed to remove free microspheres, the cells were fixed with 1% paraformaldehyde and the uptake of FITClabeled microspheres was analyzed by FACS. Previous studies (47) showed that a shift in fluorescence intensity reflects bead uptake and not cell surface adherence.
Monocyte adhesion assay. The ability of MDMs treated with vehicle, 4F, or apoA-I to adhere to LPS-activated human umbilical vein endothelial cell (HUVEC) monolayers was determined using the Vybrant cell adhesion assay kit (Molecular Probes; Ref. 17) . Briefly, HUVECs were grown in 24-well plates in M199 medium supplemented with 10% FBS, glutamine, nonessential amino acids, and antibiotics. When cells reached 90% confluency, they were stimulated with LPS (1 g/ml) for 6 h and washed, and the media were replaced. Concurrently, MDMs that were pretreated (7 days) with vehicle, 4F, or apoA-I were loaded with the fluorescent dye calcein acetoxymethyl ester for 30 min at 37°C and adhesion was measured as detailed by Gupta et al. (17) . MDMs were washed to remove unincorporated dye and incubated with HUVECs for 60 min at 37°C. Nonadherent MDMs were removed by gentle washing, and fluorescence was measured at 520. The fluorescence of control (vehicle treated) MDMs was designated 100%.
Transendothelial migration. HUVECs were seeded on gelatincoated 6.5-mm Transwell filters with a 5-m pore size and grown to confluency in M199 medium supplemented with 10% FBS, glutamine, nonessential amino acids, and antibiotics. After 48 h, the medium and nonadherent cells were removed. Concurrently, monocytes treated with 4F, apoA-I, or vehicle for 7 days were labeled with calcein for 30 min at 37°C. Fresh RPMI medium (500 l) supplemented with 10% FBS and antibiotics was added to the lower compartment of a fresh 24-well plate. The Transwell filters with HUVECs were transferred to the fresh plates, 10 5 -labeled monocytes in 100 l of RPMI buffer were added to the filters, and the plates were incubated for 2 h at 37°C. Fluorescence in the lower chamber was measured at 520 and expressed as percentage of cells migrated.
Peptide-mediated cholesterol efflux from MDMs. Peptide-mediated cholesterol efflux was measured in MDMs as described by Kritharides et al. (20) . Briefly, MDMs grown in RPMI medium were plated at a density of 1 ϫ 10 6 cells per well in a 6-well plate in RPMI containing 10% FBS, 50 mol/l ␤-mercaptoethanol, and 50 ng/ml of PMA. Cells were incubated with [
14 C]cholesterol containing acetylated-LDL (Ac-LDL) for 24 h to load the macrophages with cholesterol. Equilibrated cholesterol enriched cells were washed with PBS and incubated with 1 ml of medium containing 4F or apoA-I (50 g/ml). After 12 h, the medium was removed and counted. Cells were lysed and counted, and protein content was determined by the method of Lowry et al. (25) . Data are expressed as percent cholesterol effluxed.
Immunocytochemical staining of rafts. Rafts on differentiated monocytes were visualized using the Vybrant lipid raft labeling kit from Molecular Probes. Briefly, lipid rafts were labeled with Alexafluor 488-CT-B conjugate (1 g/ml; 15 min 4°C), washed, crosslinked with anti-CT-B antibody (1:200; 15 min 4°C), and counterstained with DAPI (1:500 5 min at room temperature) to identify the nuclei. Controls included cells stained with no primary antibody or with an irrelevant antibody. Cells were analyzed by Nikon Eclipse TE-2000 U microscopy using NIS Elements Imaging Software (Nikon), and differences in raft expression between treatment groups were determined using ImageJ (Image Processing and Analysis in Java; NIH).
Statistical methods. All results are reported as means Ϯ SE. Statistical analysis was performed using SigmaStat 3.5 software (Systat Software). Differences between the groups were assessed by one-way ANOVA with post hoc testing (Student-Neuman-Keuls test). A P value Ͻ0.05 was considered statistically significant.
RESULTS
We previously reported that 4F inhibits both LPS-induced VCAM-1 expression in HUVECs and the binding of THP-1 monocytes to LPS-stimulated HUVECs (17) . These effects were attributed to a binding interaction between 4F and LPS that resulted in the neutralization of endotoxin. In this study, we examined the direct effects of 4F on the phenotype and function of MDMs.
4F alters expression of cell surface markers. To determine whether macrophage activation is influenced by 4F or apoA-I, we monitored the effects of these treatments on phenotypic markers on human primary monocytes and THP-1-derived monocytes by flow cytometry. In initial studies, we assessed the concentration-dependent effects of 4F and apoA-I (10 -50 g/10 6 cells) on MDM cell surface markers after 7 days in culture. Sc-4F (control peptide) was also included in these initial studies as a negative control. Supplemental Fig. S1 shows that 4F maximally reduced expression of HLA-DR, CD86, CD11b, and CD11c at a dose of 50 g/10 6 cells (supplemental data for this article are available online at the Am J Physiol Cell Physiol website). apoA-I-treated cells showed a similar dose response (data not shown). In subse- quent studies, this concentration of 4F or apoA-I was used to monitor the time dependence for down-regulation of cell surface markers. Supplemental Fig. S2 shows the effects of 4F on the expression of HLA-DR, CD86, CD11b, and CD11c by FACS analysis after 3 and 7 days. A significant reduction in the expression of cell surface markers was observed after 7 days but not at earlier time points. ApoA-I-treated cells showed a similar time dependence for downregulation of surface markers (data not shown). Therefore, further studies were carried out with MDMs treated with 50 g/10 6 cells of 4F or apoA-I for 7 days. The MDM phenotype was not altered by Sc-4F treatment compared with vehicle treatment (data not shown).
4F and apoA-I significantly reduced both the number of cells expressing HLA-DR, CD86, CD11b, and CD11c and their mean fluorescent intensity compared with vehicle-treated cells (Fig. 1) . Quantitative analyses of histograms indicated that 4F and apoA-I each reduced the expression of HLA-DR by 40% and CD86, CD11b, and CD11c by 50%. These results suggest that 4F and apoA-I attenuate the expression of surface markers characteristic of activated macrophages. Similar results were also obtained with the human macrophage cell line THP-1-derived macrophages (data not shown).
4F attenuates inflammatory responses of LPS. The 4F-induced changes in MDM cell surface markers suggested that the peptide may also modulate macrophage function. This is supported by measurements of mRNA levels for representative chemokines and cytokines involved in the inflammatory response in MDMs pretreated with vehicle, 4F alone (50 g/10 6 cells), apoA-I alone (50 g/10 6 cells), or 4F (50 g/10 6 cells) plus apoA-I (50 g/10 6 cells) (for 7 days). These MDMs were subsequently treated with media alone or stimulated with LPS for an additional 18 h. Treatment of monocytes with 4F for 7 days induced a twofold upregulation of IL-10 without significantly altering mRNA levels of MCP-1 (CCL2), MIP-1 (CCL3), RANTES (CCL5), and cytokines IL-6 and TNF-␣. Similar to 4F, apoA-I induced increased expression of mRNA for the anti-inflammatory IL-10 (2-fold), but, unlike 4F, apoA-I also induced increased mRNA expression of IL-6 (4.5-fold; Fig. 2) .
Compared with cells treated with vehicle alone, LPS stimulation of vehicle-treated MDMs induced a significant increase in mRNA levels of MCP-1 (2-fold), MIP-1 (9-fold), RANTES (3-fold), IL-6 (12-fold), and TNF-␣ (8-fold) but did not upregulate the anti-inflammatory cytokine IL-10 ( Fig. 3) . In striking contrast, compared with cells treated with vehicle plus LPS, stimulation of MDMs treated with 4F or apoA-I with LPS downregulated mRNA for the proinflammatory chemokines and cytokines MCP-1, MIP-1, RANTES, IL-6, and TNF-␣ and sharply upregulated (4-fold increase) IL-10 mRNA (Fig. 3) . Moreover, simultaneous treatment of MDMs with 4F plus apoA-I did not further enhance these effects of 4F or apoA-I, suggesting that 4F and apoA-I likely mediate their effects via a similar mechanism of action (Fig. 3) . To elucidate the mechanism of 4F and apoA-I downregulation of LPS responsiveness, we determined the effects of these treatments on CD14 and TLR-4 expression, two cell surface receptors required for LPS signaling. Figure 4 shows that both 4F and apoA-I reduced the percentage of cells expressing CD14 and TLR-4 by 50%. Similar results were obtained with THP-1-derived macrophages (data not shown).
4F inhibits the adhesion of monocytes to endothelial cells. Results of the current study suggest that 4F exerts additional anti-inflammatory effects that are independent of LPS binding and neutralization. Since 4F and apoA-I treatment altered cytokine/chemokine secretion by MDMs (Fig. 2) and the expression of cell surface markers (Fig. 1) , we assessed the effects of these treatments on functional responses (adhesion and phagocytic activity) of MDMs. As seen in Fig. 5A , there was a 40% decrease in the binding of 4F-treated MDMs to HUVEC monolayers and a 35% decrease for apoA-I-treated MDMs.
Leukocyte-endothelial interactions are highly dependent on the binding of integrins to adhesion molecules. CD49d (␣ 4 -integrin) forms a heterodimer with CD29 (␤ 1 -integrin) or CD18 (␤ 2 -integrin) to form very late antigen-4, which binds to VCAM-1 and ICAM-1 on target cells (30) . Since our data showed that pretreatment of MDMs with 4F reduced their adhesion to HUVECs, we tested the effects of 4F treatment on the expression of the VCAM-1 ligand CD49d. Figure 5B shows that treatment of MDMs with 4F or apoA-I for 7 days decreased CD49d expression by 95% compared with vehicle control.
4F inhibits transendothelial migration. The impaired adhesion of 4F-and apoA-I-treated MDMs to endothelial cells, possibly due to a downregulation of CD49d, suggested that their transendothelial migration could also be reduced compared with vehicle-treated MDMs. As seen in Fig. 5C , the migration of these MDMs through HUVECs was reduced by ϳ34% for 4F-treated monocytes and by 27% for apoA-Itreated monocytes. These results further support our hypothesis that 4F and apoA-I act directly on monocytes and modulate their function.
4F treatment impairs phagocytosis. Phagocytosis of FITClabeled latex beads by MDMs was measured by flow cytometry. MDMs treated with 4F or apoA-I exhibited reduced phagocytosis of FITC beads compared with cells treated with vehicle (Fig. 6A) . While phagocytic activity was observed in MDMs from all treatment groups, the number of beads phagocytosed per cell was significantly reduced in MDMs pretreated with either 4F or apoA-I compared with vehicle treatment (Fig.  6A) . The decrease in phagocytosis in 4F-or apoA-I-treated cells was associated with a reduction in the expression of CD32, an Fc␥ receptor known to play a role in phagocytosis Fig. 6B; Ref. 18 ). Similar results were obtained with THP-1-derived macrophages (data not shown).
4F induces the formation of an anti-inflammatory macrophage with predominantly M2 characteristics. The above studies suggest that 4F and apoA-I induce anti-inflammatory properties in macrophage. Previous studies by Martinez et al. (29) have shown that patterns of gene expression differ between M1 and M2 macrophages. To determine if 4F or apoA-I treatment induces a particular type of macrophage phenotype, we compared the mRNA expression levels of eight genes (known to be differentially expressed in M1 and M2 macrophages) in MDMs treated with 4F or apoA-I to polarized macrophages obtained by treatment with macrophage colony-stimulating factor (MCSF) ϩ IL-4 (control M2 type) or MCSF ϩ LPS ϩ IFN␥ (control M1 type). As shown in Table 1 , the profile of mRNA expression of MDMs treated with 4F or apoA-I more closely resembled that of control M2 macrophages than M1 macrophages in the following respects: 1) mRNA expression of CCR7, IL2RA, CXCL11, and CCL19 was significantly increased in control M1 macrophages (treated with MCSF ϩ LPS ϩ IFN␥) compared with untreated cells. However, these genes were not upregulated in either control M2 macrophages (treated with MCSF ϩ IL-4) or MDMs treated with 4F or apoA-I. 2) mRNA levels of FABP4 was significantly increased in control M2 macrophages and in 4F-treated MDMs compared with control M1 macrophages. 3) mRNA levels of TLR-5 were similar in 4F-or apoA-I-treated and control M2 type macrophages, whereas this gene was significantly downregulated in control M1 macrophages. 4) However, the expression of CTSC and MRC1 in apoA-I-treated MDMs were significantly downregulated, similar to control M1 type, unlike 4F-treated and control M2 type macrophages. Noteably, 4F-treated MDMs exhibited characteristics of the M2 type macrophages for all eight genes studied here, while apo A-Itreated MDMs showed predominantly M2 phenotype but they shared some characteristics of the M1 phenotype (CTSC, MRC1, and FABP4 were downregulated as in the M1 type). To our knowledge, this is the first study to demonstrate an effect of 4F on the differentiation of MDMs.
4F stimulates cholesterol efflux and reduces lipid rafts on monocytes. The effects of 4F or apoA-I on MDM gene transcription include prominent changes in the expression of membraneassociated proteins. Rafts are cholesterol and sphingomyelin-rich microdomains of plasma membranes. Apo-AI and 4F are amphipathic molecules that mediate macrophage cholesterol efflux by a mechanism that is lipid raft dependent (14, 15) . Since rafts are enriched in cholesterol, an increase in efflux activity may desta- bilize these structures and associated proteins including CD32 and CD14. In the current study, we found that 4F and apoA-I treatment of MDMs was associated with a reduction in the expression of CD14 and CD32 (Figs. 4 and 6B) . To examine the possible mechanisms underlying the effects of 4F and apoA-I, we first monitored the effects of these treatments on cholesterol efflux from [ 14 C]cholesterol-loaded primary human monocytes and THP-1-derived macrophages. MDMs treated with 4F and apoA-I exhibited significantly higher levels of cholesterol efflux (25 and 18%, respectively; Fig. 7A ) than control cells treated with media alone (5%). Similar results were obtained with THP-1-derived macrophages. 4F and apoA-I are known to efflux cholesterol via both ABCAI and ABCG1 transporters (52) . Both 4F and apoA-I upregulated genes for ABCA1 ( 2-fold), ABCG1 ( 2-fold), and PPAR␥ (2-fold), molecules that play an important role in cholesterol efflux.
We next determined whether 4F and apoA-I induce the loss of lipid raft expression in MDM and THP-1 cells. Cells were incubated with media alone, 4F, or apoA-I for 4 days and stained for the presence of lipid rafts. Immunocytochemical analysis showed that cells treated with 4F or apoA-I expressed equivalent levels of lipid rafts/cell (5.6 Ϯ 2.3 and 6.4 Ϯ 4.6, respectively) but that the markers of rafts/cell in both treated groups were significantly lower than in control cells treated with medium alone (18.4 Ϯ 5.6; P Ͻ 0.003 and P Ͻ 0.008, respectively; Fig. 7, B and C) .
DISCUSSION
Both apoA-I and the apoA-I mimetic peptide 4F possess anti-inflammatory and atheroprotective properties (17, 33, 37, 50). We (17) previously reported that 4F attenuates LPS- induced monocyte adhesion to cultured HUVECs. 4F also reduces macrophage content in fatty lesions of dyslipidemic mice (34) and inhibits macrophage trafficking in the vessel wall of mice infected with influenza A virus (50) . These protective effects of 4F have been ascribed to the ability of the peptide to improve HDL function (3, 36, 38) . Since monocytes/ macrophages contribute to vascular injury under hyperlipidemic and septic conditions, a goal of these studies was to test whether 4F and/or apoA-I directly modulate phenotypic and functional changes in MDMs.
In the context of inflammatory vascular disease, monocytes undergo differentiation to form DCs or macrophages. In vitro treatment of monocytes with GM-CSF ϩ IL-4 induces a DC phenotype that is characterized by upregulation of HLA-DR and CD86. This response maybe subject to regulation by HDL and/or apoA-I, since a previous report (19) shows that apoA-I inhibits the differentiation of monocytes to a DC phenotype. We have observed that 4F inhibits the GM-CSF ϩ IL-4-induced differentiation of primary human monocytes (10) . In the current study, 4F treatment, in the absence of GM-CSF ϩ IL-4, also reduced expression of HLA-DR, CD86, CD11b, and CD11c in monocytes. A similar result was obtained with apoA-I treatment. Such changes in cell surface markers are associated with the adoption of an anti-inflammatory macrophage phenotype (16) . Induction of an anti-inflammatory phenotype in 4F-treated MDMs is further supported by the prominent induction of the anti-inflammatory IL-10 and a significant decrease in inducible proinflammatory chemokines and cytokines, MCP-1, MIP-1, RANTES, IL-6, and TNF-␣ (29). The anti-inflammatory and atheroprotective effects of IL-10 have been demonstrated in IL-10 null mice as well as in mice that are induced to overexpress IL-10 by adenoviral transfection (41, 51) . Our results show that 4F/apoA-I upregulates the anti-inflammatory cytokine IL-10 in MDMs. By this mechanism, apoA-I mimetic peptide treatment may reduce tissue injury by inhibiting the recruitment of additional immune cells to sites of inflammation.
To test the hypothesis that these changes are related to changes in the activation properties of MDMs, we measured the cell surface expression of CD14 and TLR-4, cell surface receptors for LPS. Flow cytometry studies showed that both 4F and apoA-I inhibited expression of these receptors. Our results confirm those of a previous study (39) showing that treatment of human monocytes with apoA-I, in the form of reconstituted HDL, reduced CD14 expression. However, an effect of apoA-I on TLR-4 expression was not reported in this study. IL-10 was previously shown to inhibit TLR-4 mRNA expression in human monocytes (4). Thus, it is possible that downregulation of these receptors by IL-10 may be an additional mechanism to explain the anti-inflammatory effects of 4F and apoA-I.
Increased adhesion of monocytes to the blood vessel wall plays an important role in LPS-mediated inflammation as well as in the initiation and progression of atherosclerotic lesions. CD49d (␣ 4 -integrin), the ligand for the adhesion molecule VCAM-1 (40) , and CD11b and CD11c, expressed on the cell surface of monocytes and neutrophils, induce the adhesion of monocytes to endothelial cells. Downregulation of these molecules on monocytes would inhibit the adhesion of monocytes to endothelial cells, which, in turn, would reduce transendothelial migration and lesion formation. The decrease in CD49d, CD11b, and CD11c expression observed in MDMs treated with 4F or apoA-I would therefore be expected to reduce monocyte adhesion and transendothelial migration. CD49d expression in 4F-treated MDMs was reduced by almost 95%, while MDM adhesion to HUVEC monolayers was only re- duced by 45-50%. This differential response is likely explained by the presence of other ligands on the MDM cell surface that participate in binding to HUVECs but may not be subject to regulation by 4F or apoA-I. In addition to this reduced adhesion of MDMs to endothelial cells, we report here that 4F also inhibited MDM transendothelial migration by 34% compared with untreated cells. Taken together, our data strongly indicate an additional role for 4F in the inhibition of MDM recruitment to sites of inflammation.
Phagocytosis plays a key role in inflammation and immunity. Phagosome formation includes, as a first step, the engulfment of foreign particles in a membrane-bound vacuole (54) . Lipids (particularly sphingolipids, cholesterol, and phospholipids) play a key role in the segregation of microdomains or rafts that are involved in the recruitment of Fc␥ receptors that are required for phagocytosis (54) . Earlier studies from our laboratory (12) showed that 4F preferentially binds to sphingolipidrich, cholesterol-rich domains (rafts). 4F and apoA-I are amphipathic helical molecules that bind to lipids, especially phospholipids, with high affinity to form disk-like particles. Phospholipids and cell membrane-associated cholesterol are thus extracted to form "nascent HDL-like" particles. Such depletion of cholesterol content from rafts by apoA-I has been recently demonstrated in monocytes (14, 32) . In the process, depletion of cholesterol from lipid rafts may interfere with the recruitment and sequestration of Fc␥ receptors to the cell membrane. The important role of cholesterol in Fc␥ receptor-mediated phagocytosis has been demonstrated by Loike et al. (23) , who showed that statins inhibit phagocytosis by virtue of their ability to inhibit cholesterol biosynthesis. The results of this study underscore the importance of cellular cholesterol in the regulation of Fc␥ receptor-mediated phagocytosis. Our studies show an association among 4F-or apoA-I-mediated cholesterol depletion, decreased raft formation, and subsequent loss of the Fc␥ receptor CD32. This may, in part, explain the observed inhibition of phagocytosis reported here. Furthermore, this also correlates well with the observed 4F-or apoA-I-induced decrease in cell surface CD14 and TLR-4. Both CD14 and TLR-4 are associated with rafts either constitutively or upon activation (15) . A depletion of rafts by 4F or apoA-I could result in a loss of CD14 and TLR-4, leading to the inhibition of LPS-induced inflammatory responses.
The results of the current study provide additional insight into the mechanisms of 4F and apoA-I action by demonstrating that these treatments influence functional properties of macrophages. We show, for the first time, that 4F induces the differentiation of MDMs to an anti-inflammatory phenotype. Distinct populations of activated macrophages (31, 48) have been identified, with inflammatory mediators playing an important role in directing phenotypic differentiation. These macrophage activation states are characterized by differences in cell morphology and function. LPS and other inflammatory mediators induce classically activated M1 type macrophages to release cytokines and chemokines that induce tissue injury at sites of inflammation. M1 macrophages can be converted to alternatively activated M2 macrophages by anti-inflammatory cytokines such as IL-4 or IL-10 (31, 48). M2 macrophages play a critical role in dampening local inflammatory responses by promoting collagen synthesis and tissue repair (31) . Functional responses of M1 or M2 macrophages are significantly different. These cellular subtypes may be induced by exposure to different agents and exhibit differences in their phenotype and function. Macrophage subtypes further exhibit plasticity in that they can switch from one state to another, thus ensuring that inflammatory responses, tissue injury, and wound healing are tightly regulated (42) . The data presented here further suggest that 4F/apoA-I induce monocytes to differentiate to an alternatively activated macrophage with predominantly M2-characteristics (29) .
Our results suggest that these responses are mediated, in part, via transcriptional upregulation of the anti-inflammatory cytokine IL-10, which is known to induce an M2 phenotype in macrophages (27) . It is further proposed that anti-inflammatory effects of 4F and apoA-I action are related to their ability to mediate cholesterol removal from cells. Lipid rafts are cholesterol-enriched microdomains that play a critical role in mediating a variety of cellular responses (15) . The coordinated response of monocytes/macrophages to inflammatory stimuli is thought to be due to the localization of specific proteins in these structures (24) . Fc␥ receptors (CD32), CD14, TLR-4, HLA-DR, CD49d, CD11b, and CD11c have been identified as components of lipid rafts either constitutively or upon stimulation (6, 15, 44) . Disruption of lipid rafts in THP-1 cells has also been shown to result in an anti-inflammatory phenotype accompanied by an increase in IL-10 (8). Our data show that 4F, similar to apoA-I, depletes cell cholesterol and disrupts lipid rafts. Signaling mechanisms linking raft depletion with the induction of IL-10 are unclear at this time and are the focus of ongoing studies in the laboratory. It follows that 4F treatment was associated with a reduction in these raft-associated proteins, a 2-fold increase in IL-10, an attenuated inflammatory response to LPS, and a reduction in phagocytic activity. By this mechanism, 4F-mediated cholesterol efflux may impair the assembly of lipid raft complexes, thus attenuating proinflammatory responses of monocytes/macrophages to cell stimulation. This would also, partly, explain the lack of an additive effect of 4F and apoA-I under the experimental conditions. Disruption of the rafts by either one of these treatments would modulate the activity of the raft-associated proteins mentioned above. It is proposed that these 4F-mediated changes underlie the observed decrease in vascular macrophage content in dyslipidemic and influenza-infected mice (34, 50) .
In the context of inflammation, HDL levels and function are compromised, thus limiting the protective effects of endogenous apoA-I. Previous studies (35) show that 4F increases circulating levels of HDL and improves its anti-inflammatory properties. Our data show, for the first time, that 4F and apoA-I exert vasculoprotective effects by altering the activation state of MDMs as well as reducing their ability to migrate to other sites of inflammation. The use of apoA-I as a therapeutic agent, however, is impractical, and new strategies to raise apoA-I and HDL levels are required. 4F, an apoA-I mimetic peptide, is one such candidate therapy and is currently undergoing clinical evaluation for coronary risk reduction. This study suggests that 4F also holds promise for the management of other inflammatory diseases including sepsis.
